To overcome the frequency-dependent nonlinear characteristics of a directly modulated laser (DML) in a multi-level optical transmission, the spectrum-split digital pre-distortion (SS-DPD) is proposed and experimentally demonstrated to mitigate the frequency-dependent nonlinear impairments. The SS-DPD is employed in a 5 Gb/s PAM-4 optical transmission using a DML over a 5 km standard single-mode fiber at 1550 nm. We experimentally compared the SS-DPD with the DPDs based on the Volterra series and the memory polynomial (MP). The results demonstrate that the SS-DPD improved approximately 1 dB in terms of the receiver sensitivity compared with the MP-DPD. Moreover, the SS-DPD achieves 0.4 dB receiver sensitivity gain compared with the Volterra DPD.
Introduction
Due to the increase in the demand for 5G, Internet of things, artificial intelligence, AR/VR, cloud computing, and multimedia services, the signal bandwidth requirements for short-reach optical communications is rapidly increasing. In the short-reach optical communication, the intensity modulation and direct detection (IM/DD) is the typical method because of their cost effectiveness and simple implementation. Although directly modulated lasers (DMLs) have some challenges to employ, a DML is preferred for its cost effectiveness, high optical output power, and less energy consumption [1] . Since data requirements are increasing, modulation bandwidth needs to be enlarged in optical transmission. However, the modulation bandwidth can be limited by the frequency response of electrical devices, optical devices, and transceivers sampling performance. Owing to the limited bandwidth environments, spectrally efficient modulation formats are required, such as pulse amplitude modulation (PAM), discrete multi-tone (DMT), and carrier-less amplitude modulation (CAP) [2] - [4] . For a short-reach optical transmission system, PAM is more promising than other modulation formats because of its simple structure and low power consumption [5] . However, PAM is a multi-level signal which could be distorted by the nonlinear behavior of DMLs. Thus, PAM requires higher linearity compared with NRZ. Digital pre-distortion (DPD) has been studied extensively to mitigate nonlinear impairments [6] . Using the inverse channel model based pre-distortion, the nonlinear distortion can be compensated. The Volterra series, which is a general nonlinear model with memory, has been studied as a model of the DPD [7] , [8] . The main challenge of the Volterra DPD is its numerous number of coefficients which exponentially increase DPD complexity according to the memory size. Therefore, some alternative approaches using memory polynomial (MP) has been proposed to reduce complexity [9] - [11] .
The nonlinear feature of DMLs can be determined by the power-versus-current (L-I) curve when the modulation frequency is much lower than its resonance frequency. However, when modulation frequency becomes higher, nonlinear characteristics of DMLs could be determined not only by L-I curves but also the nonlinear coupling between electrons and photons in the laser cavity [12] . Because of the nonlinear coupling effect, the nonlinear characteristic is varied according to the frequency [12] , [13] . By this phenomenon, an input PAM signal experiences different transfer-curves at different frequencies as shown in Fig. 1 . However, the compensation using the Volterra DPD and the MP-DPD is not focused on frequency-dependent nonlinear characteristics. Therefore, the accuracy of these models could be degraded by the frequency-dependent nonlinearity. To mitigate frequency-dependent nonlinearity, an injection locking technique has been studied [12] . However, an injection locking technique has limited scalability and cost ineffectiveness by the additional optical components.
In this paper, we proposed a spectrum-split digital pre-distortion (SS-DPD) to mitigate the frequency-dependent nonlinear impairments of the multi-level optical transmission link. The performance of the SS-DPD is experimentally demonstrated and compared with the performances of the Volterra DPD and the MP-DPD in 5 Gb/s PAM-4 IM/DD transmission system using a DML over 5 km standard single-mode fiber (SSMF). The SS-DPD achieved around 1 dB receiver sensitivity gain compared with the MP-DPD at a bit error rate (BER) of 2 × 10 −3 . Moreover, the SS-DPD achieved 0.4 dB receiver sensitivity gain compared with the Volterra DPD.
Principle of Spectrum-Split DPD
The static nonlinear behavior is characterized by a memoryless nonlinear function, G, defined as follows:
where N and p N denote the nonlinear order and a coefficient of the N th order nonlinear term, respectively. Since the actual nonlinear behavior depends on the frequency, we propose the spectrum-split model. A schematic diagram of the spectrum-split model is depicted in Fig. 2 . To compensate for the frequency-dependent nonlinearity, the input signal is separated in terms of the spectrum using digital filters. Using divided spectrum parts, the nonlinearity at each spectrum part can be compensated. In this work, the spectrum is divided into two spectral parts to validate the effectiveness of the SS-DPD. Dividing into two parts, the input signal x sig can be represented as:
where x 1 and x 2 denote low-frequency part and high-frequency part of the input signal, respectively. As shown in Fig. 2 , the SS-DPD considers two divided parts of input and the multiplications between each part. In the proposed spectrum-split model, the nonlinearity of each part can be separately considered by each coefficient. As shown in Fig. 2 , the proposed model that considers up to third-order nonlinear terms can be represented as follows:
When the memory effect is considered, the proposed model with memory can be denoted as follows:
where N and M denote the nonlinear order and the memory length, respectively, and α denotes the coefficient of the proposed model. To employ the proposed DPD, coefficients (e.g., α 1 and α 12 ) of each term are estimated by the least square method. The computational complexity of DPDs is also significant. In general, the computational complexity could be determined by the total number of coefficients because of the coefficients estimation process. Each complexity of the Volterra DPD, the MP-DPD, and the SS-DPD could be compared in terms of the total number of coefficients and the total number of coefficients of each model is represented as follows:
IEEE Photonics Journal Mitigation of Optical Transmission Using SSDPD where D V , D SS , and D MP denote the total number of coefficients of the Volterra DPD, the SS-DPD, and the MP-DPD, respectively. According to M and N, Fig. 3 illustrates the increase in the total number of coefficients of each model. Consequently, the total number of coefficients of the Volterra DPD exponentially increases according to M and N. Therefore, the Volterra DPD practically has numerous limitations caused by its complexity. Since the total number of coefficients of the MP-DPD linearly increases according to M and N, the MP-DPD has much fewer coefficients than the Volterra DPD. optical PAM-4 signal is transmitted via 5 km SSMF. At the receiver, a variable optical attenuator (VOA) is employed to control the received optical power (ROP). The optical signal was detected using the photodetector (PD). The electrical signal was digitized by a digital phosphor oscilloscope (DPO). For the offline process, the sampled signal is synchronized and resampled. The training symbols were applied to estimate the coefficients of the DPDs. The nonlinear terms of all three DPDs employed in this experiment were up to third order due to considering the complexity. The received PAM-4 signal was de-mapped and the BER performance was calculated.
Experimental Setup
In order to confirm the frequency-dependent nonlinear characteristics of the optical transmission system, single tones at 300 MHz, 1300 MHz, and 2300 MHz were transmitted via the optical channel. Three single tones were transmitted in the experimental setup shown in Fig. 4 and the transfer-curves were obtained using offline DSP. Fig. 5 shows each nonlinear transfer-curve at each frequency. By the nonlinear transfer-curves, different nonlinear characteristics at each frequency are confirmed.
Results and Discussions
In the SS-DPD, some parameters need to be determined for the optimal operation. To determine the cut-off frequency of the digital filter employed in the SS-DPD, we compared two different cut-off frequencies. One cut-off frequency was set to half of the signal bandwidth while the other one was set to a quarter of the signal bandwidth denoting half of the signal power. In this experiment, the memory length of the SS-DPD was set to three. The two types of SS-DPDs with different cut-off frequencies were employed to the PAM-4 transmissions and compared. Fig. 6 shows the BER performance of the SS-DPDs with each cut-off frequency according to the ROP. The BER performance of pre-distorted PAM-4 signal employing the SS-DPD with the cut-off frequency of a quarter of the bandwidth was better than that employing the SS-DPD with the cut-off frequency of half of the bandwidth, as shown in Fig. 6 . Therefore, the SS-DPD was more effective when the signal power was evenly divided.
To determine the number of memory taps in DPDs, the BER performances according to the number of memory taps for the MP-DPD and the SS-DPD were compared at −7 dBm ROP. The BER performance comparison of the two models is shown in Fig. 7 . When the number of memory taps was 1 or 2, both DPDs had worse BER performances than with a larger number of taps. It implies that the number of memory taps of both DPDs is insufficient to compensate for the distorted signal. The DPDs with three memory taps significantly improved the performance. In the case of more memory taps of the DPDs, memory effect was sufficiently compensated and their performances were saturated. Therefore, three memory taps were used by considering performance saturation due to the use of more memory taps.
To verify the effectiveness of the SS-DPD to mitigate nonlinear impairments in DML, we compared the BER performances of the proposed SS-DPD, the Volterra DPD, the MP-DPD, and the case of without DPD according to ROP. In the experiment, the number of memory tap for all the DPDs was set to three, while the cut-off frequency in the SS-DPD process was set to a quarter of the signal bandwidth. The results were depicted in Fig. 8 . RS (255, 245) was employed as forward error correction (FEC) and it would generate 4% overhead. The PAM-4 signal without DPD had the worst BER performance, which does not satisfy the FEC limit of 2 × 10 −3 . When compared with the MP-DPD, the SS-DPD achieved 1 dB gain of receiver sensitivity at the FEC limit. It means that the SS-DPD is more effective than the MP-DPD in the frequency-dependent nonlinear optical channel. Moreover, the SS-DPD achieved 0.4 dB gain of the receiver sensitivity at the FEC limit, even with lower complexity. As depicted in Fig. 8 , the SS-DPD showed the best performance because the nonlinear impairments were separately estimated using each spectral part. Fig. 9(a) depicts the eye diagram of the received PAM-4 signal, which was not pre-distorted, at −6 dBm ROP. Fig. 9(b) , and (c) depict the eye diagrams of the received PAM-4 signal with MP-DPD, and SS-DPD, respectively. As illustrated in Fig. 9 , the eye diagram for the PAM-4 with the SS-DPD is more clearly opened than that with the MP-DPD. The results demonstrated the SS-DPD can accurately compensate for the nonlinear impairments more than the other DPDs. Since the frequency-dependent nonlinearity would be more considered in a wider bandwidth, where the proposed SS-DPD could be applied more effectively. To transmit at longer distances, more memory taps would be required due to the increase of the memory effect. Thus, a low complexity technique is required to use a large number of memory taps, so SS-DPD would be effective. Moreover, the SS-DPD can show better performance when the SS-DPD is employed with three or more spectral parts because the frequency-dependent nonlinearity can be estimated more accurately when considering a larger number of spectral regions.
Conclusion
This study proposed and experimentally demonstrated a novel DPD method using a spectrum split model to mitigate the frequency-dependent nonlinear impairments of the multi-level optical transmission link. The proposed model can separately estimate the nonlinearities in each part of the signal band. Therefore, the proposed SS-DPD is effective to compensate for the frequencydependent nonlinear distortion. In this study, a 5 Gb/s PAM-4 signal was transmitted to verify the performance of the proposed DPD over 5-km SSMF at 1550 nm using a DML. The SS-DPD achieved a 1 dB gain of receiver sensitivity at the FEC limit compared with the MP-DPD. Moreover, The SS-DPD performed 0.4 dB better than the Volterra DPD, which has higher complexity. Therefore, the proposed SS-DPD is expected to facilitate the implementation in short-reach optical communication.
